Mobility is one of the important characteristics of living cells. It also plays a significant role in therapeutic cell transplantation with target location specificity. To enhance cell mobility, a neural cell stimulator was assembled with graphenes, which are two-dimensional nanocarbon materials that form a transparent electrode over the cover glass in a cell culture dish. This transparent stimulator applies electrical field stimulation to the neural cells. The advantages of this new transparent electrical field stimulator (TEFS) with a graphene electrode include transparency, because few layered graphenes are optically transparent, and biocompatibility, because the cover glass is coated with laminin. In this paper, it is reported that constant electric field stimulation, which is at a specific strength, facilitates the mobility of a neural cell and makes the visibility of cellular behavior on the electrode much better than that of any other existing cell stimulator that has metal electrodes. The strength of the electrical field for stimulating cells varies from 4.5 mV/mm to 450 mV/mm. When continuous electric field stimulation was applied for 4 hours at the electric field strength of 45 mV/mm, the mobility of the neural cells was significantly enhanced compared to the control conditions, wherein there was no electric field stimulation. Thus, the feasibility of the TEFS with the nanothickness of graphene was tested to modulate the mobility of neural cells in vitro. The result suggests that electrical field stimulation could enhance neural cell alignment, cell-to-cell coupling, and networks, and may be applied to cell transplantation to boost therapeutic effectiveness.
INTRODUCTION
Electrical stimulation may induce neuromodulatory effects 1 2 and/or facilitate the outgrowth, 3 alignment, 4 and migration pattern 5 of neural cells. In addition, electrical stimulation modulates the growth and differentiation of neural stem cells. 6 The efficacy of electrical stimulation regimens in the treatment of various neurological disorders, including epilepsy and Parkinson's disease, has been investigated. To treat Parkinson's disease, deep brain stimulation delivers direct electrical stimulation to the globus pallidus and the subthalamic nucleus of the midbrain. 7 A transcranial direct-current stimulation applies a constant and low current to brain areas for the treatment of * Authors to whom correspondence should be addressed. depression 8 and stroke. 9 10 Even though the safety and side effects of long-term electrical stimulation need to be addressed, 11 12 electrical stimulation has become a popular alternative therapeutic intervention for neurological disorders because of the non-use of chemicals. 13 A new biocompatible electrical stimulator was recently presented. 14 This stimulator utilizes nanocarbon materials, such as graphene, to solve the problems inherent in the use of existing metal electrodes, which are made of hard and opaque gold or platinum. Nanocarbon materials are nanoscale materials that are based on carbon atoms, which are plentiful in the earth. A carbon nanotube (CNT) is a one-dimensional form of nanocarbon material, and graphene is a two-dimensional form. Because nanocarbon materials are not heavy but are flexible and transparent, the 15 16 such as in direct DNA-biointeractive materials, peptides, and proteins for highly sensitive biosensors; 17 18 and in studies on direct interactions with cells, 19 nanosized drug delivery agents, 20 and high-relaxation signal-enhanced nanocontrast agents. 21 22 The graphene with a nanoscale thickness (5∼10 nm) and a two-dimensional mm-scale size was fabricated and utilized as a transparent electrode for an in vitro transparent electric field stimulator (TEFS). Because of its transparency, this device allows simultaneous observation of neural cells' behavioral changes following the stimulation, regardless of their location. Therefore, the new TEFS offers the feasibility of observing cells' mobility changes as well as morphological changes via live cell imaging even if the cells moved onto the electrode region. Here, the whole trajectory of the moving cells for 4 hours was shown during the stimulating experiments. This continuous observation of the cells' behavior over the electrode was not previously possible due to the choice of hard metal for the electrode, such as gold and platinum.
Previously, it was reported that TEFS could facilitate cell-to-cell coupling when it delivered indirect biphasic electric field stimulation to neural cells in culture. The non-cytotoxicity of TEFS has been proven behaviorally and with immunocytochemistry.
14 In this study, the existing biosafe TEFS system was modified and the efficacy of the new TEFS system was tested on the modulation of the mobility of the neural cells in culture.
EXPERIMENTAL DETAILS

Graphene and TEFS Fabrication
A few layers of large-scale graphene (thickness: ∼5 nm) were synthesized via chemical vapor deposition at 880 C. The detailed experiment procedure was described in these authors' previous report.
14 Two graphene and polymethylmethacrylate (PMMA) pieces were transferred onto the cover glass (diameter: 25 mm) and separated by 200 m. The PMMA was removed with acetone. A cover glass was attached to the two graphenes. A TEFS system using graphene was assembled in a 35 mm culture dish. The cover glass that was attached to the graphenes was put onto the culture dish paste with a polydimethylsiloxane polymer. Finally, the graphenes were set between the cover glass and the culture dish plate, and each graphene was connected to an Au wire that lined a power generator ( Fig. 1(A) ). The neural cells were placed onto the 12 mm-diameter cover glass and put on the TEFS during the stimulation application. The TEFS system was maintained in a CO2 incubator with a live chamber (37 C, 5% CO2) during the stimulation and continuous optical imaging.
Transmission Electron and Atomic Force Microscopy Imaging
The graphene was prepared on a silicon wafer for atomic force microscopy (AFM) imaging in ambient conditions. The surface of the graphene was scanned using a scanning probe microscope (SPM; SPA 400, Seiko Corporation, Tokyo, Japan). The imaging was performed with scan rates between 0.5 and 1 Hz and with the contact force maintained at around 7 V. The AFM image seen in Figure 1 (C) was analyzed using the Image Processing Program (SPA 400, Seiko Corporation). The surface was uniform with a mean roughness of 30 nm, except for the wrinkle area, as previously described. 19 The morphology and layers of graphene were observed via high-resolution transmission electron microscopy (HRTEM; JEM 2100F, JEOL, Ltd., Tokyo, Japan). The transmission electron microscopy (TEM) imaging was conducted at 3,830,000X magnification with an exposure time of 1.0 sec at 200 kV. For the sample preparation for TEM, the synthesized graphene on the Ni film was dipped in a nitric acid solution. The suspending graphene layer in the Etchant solution was transferred onto the Cu grid and dried at room temperature for a few minutes. 
Cell Culture
SHSY5Y human neuroblastoma (ATCC, Manassas, VA, USA) cells of the adhesive neural cell line were grown in Dulbecco's modified Eagle's medium (DMEM; Invitrogen Corporation, Carlsbad, CA, USA) with a 10% heatinactive fetal bovine serum (FBS; Sigma-Aldrich Co., St. Louis, MO, USA) in a T75 flask (Techno Plastic Products AG, Trasadingen, Switzerland). The cells were subcultured every 3 days by resuspending them in a 1X cell dissociation solution (Sigma-Aldrich Co.) and washed with 1X phosphate-buffered saline (PBS; Invitrogen Corporation). For the experimental session, 1 × 105 cells were plated on 12 mm cover glasses coated with laminin (Roche Diagnostics GmbH, Germany) in a four-well culture plate and maintained in a 5% CO2 incubator (Sanyo Electric Co., Ltd., Japan) for 12 hrs before the stimulation to allow cell attachment and growth. Then the 12 mm cover glass was moved into the TEFS for the application of the stimulation and imaging under the live chamber/optical microscope system.
Electric Field Stimulation and Optical Microscopic Imaging
The neural cells and the stimulation apparatus were placed on the optical microscope stage that was combined with a live chamber system (TC-L, Chamlide, Live Cell Imaging, Seoul, South Korea). A constant electric field was applied to the cells in the stimulation apparatus for 4 hrs. The electric field stimulation was generated using an eight-channel programmable power stimulator (Master-8, A.M.P.I., Jerusalem, Israel) and controlled by two stimulus isolators (ISO-Flex, A.M.P.I.). The electric field strength was generated from 4.5-450 mV/mm. To study the effect of the stimulation on the movement of the cells, the cell movement was recorded by capturing images as single frames (1 f) every 50 sec for 4 hrs with a CCD camera (Leica Microsystems GmbH, Wetzlar, Germany). A total of 289 frames (289 f) were produced in time-lapse images during the time when the stimulus was applied.
Data Analysis and Statistics
The distance and shape of each cell were analyzed using an imaging software (AF6000, Leica Microsystems GmbH). The distance from the initial moving position to the final moving position was measured at the center of the nucleus in a cell. The average cell size of each experiment group was measured by drawing the outer line of single cells in the images, and the diameter (d) of the average cell size was calculated. The cells were sorted into two classes according to the moving distance, with the criterion of the 'd' value. 24 Wavering cells were defined as those that were moving over shorter distances (the black tracing line in Figs. 4(C, F, I , and L)) than 'd,' and long-distancemovement cells were defined as those that were moving over a longer distance (the blue tracing line in Figs. 4(C, F, I, and L)) than 'd.' A paired t-test was performed to evaluate the statistically significant differences among the different conditions. Figure 1(A) illustrates the developed TEFS system. Graphene was used as an electrode. The graphene electrodes were attached to the upper cover glass and the bottom culture dish. The electric field, which was induced by two graphene electrodes, was indirectly applied to the cover glass. The inverted optical microscopic imaging confirmed that the two graphene electrodes were separated by 200 m (Fig. 1(B) ). AFM imaging was used to verify the surface structure of the graphene (Fig. 1(C) ), and Figures 1(D) and (E) show that each layer of graphene has a nanoscale thickness (<1 nm). Due to the transparency of graphene, simultaneous optical imaging is possible in conjunction with electrical stimulation in vitro. In addition, the high conductivity of the graphene makes it possible to deliver a current fast. A voltage potential that ranges from 4.5 to 450 mV/mm was applied between the two graphene electrodes. Thus, the electric field was induced between two anode and cathode graphene electrodes, and the electric field was applied to the neural cells, which resulted in cellular behavioral changes.
RESULTS AND DISCUSSION
The neural cells were cultured over the laminincoated cover glass with a 12 mm diameter. hours later, the cultured neural cells were placed in the TEFS and especially over the graphene electrodes. Optical microscopic imaging was used to observe the cellular changes over the transparent graphene electrodes (Figs. 2(A and B) ). The transparency of the stimulator is important because the metal electrodes block the view of an experiment, which makes it impossible to simultaneously observe the cellular changes in response to the stimulation. Thus, the developed transparent stimulator is superior in terms of allowing visibility, even during the electrical stimulation session.
The cells were continuously cultured inside the live chamber over the TEFS, and live imaging was performed during the whole session. In Figure 3 , the images show the movements of the cell (as shown by the yellow dashed line) during the electric field stimulation at the specific strength of 45 mV/mm. The cell moved from one area to another area during the stimulation, and the spontaneous moving pattern of the cells under the electric field stimulation were clearly observed. If the electrode was made of non-transparent materials such as tungsten, gold, or platinum, the observations of spontaneous cellular changes under the electric stimulation would not be feasible.
The overall distance moved by the cells under the stimulation was analyzed after the moving path of each cell was traced using the imaging software (see Experiment Details, section 2.5). The tracking line of the cell was drawn at the center position of the nucleus in the cell from the initial time (t = 0 min) to the final time (t = 4 hrs and 0 min), as shown with the blue line in Figure 3 .
After the electric field stimulation was delivered through the developed stimulator, it was found that the mobility of a neural cell was enhanced, and this enhancement was dependent upon the stimulation strengths. The electric field strengths were varied from 4.5 mV/mm to 450 mV/mm by changing the voltage delivered to the graphene electrodes. The cellular behavior of the neural cells under stimulation were closely inspected by tracing the movement path, as shown in Figure 3 . More neural cells were mobilized under the field stimulation than in the control group, where no field stimulation was applied. More cells in the control group tended to waver than in the other groups. To define the wavering behavior of a cell, the average area and diameter of each cell were measured. The average diameter of each group of cells is shown in the inset in Figures 4 (C, F, I , and L). When the total movement path of a cell was confined within the cell's diameter, the cell's behavior was defined as wavering (see the black line in Fig. 4) . In contrast, when the total movement path was longer than the cell's diameter, the cell's movement was defined as a long-distance movement (LDM) (see the blue line in Fig. 4) . In Figure 4 , the group under the field stimulation had more LDM cells than the control group. The control group had about 20% LDM cells, and the rest of the cells were wavering at the fixed location. In particular, under the 45 mV/mm field stimulation, 75% of the cells had enhanced mobility (Fig. 5) . Therefore, the electric field enhanced the number of LDM cells. The total movement paths of the cells for 4 continuous hours were analyzed under the field stimulation (Fig. 6) . The control group moved by 164 3 ± 2 7 m for 4 hrs, and the group under the 4.5 mV/mm field stimulation moved by 175 2 ± 2 6 m. In addition, the cells under the 45 mV/mm field stimulation moved by 20 m more than did the control group (185 1 ± 2 7 m). The cells under the 450 mV/mm field stimulation moved over a distance similar to that of the control group. This result supports the idea that strong electric field stimulation does not have any harmful effects on the neural cell culture. This also implies that cells under 450 V/mm field stimulation exhibit greater movement on the culture dish (Fig. 5 ) than the control group, which had the same overall moving distance (Fig. 6) . A 4-continuous-hrs-long stimulation also did not cause any morphological changes in the cells (Figs. 4(B, E , H, and K)), which thus proves the biocompatibility of the developed field stimulator. This also means that the constant electrical field stimulation parameters (with a 4-hour duration) did not inhibit the cell movement's kinetic physiology even at a high strength and showed biosafety. It is an advantage to differ from the direct current stimulation which can be occurred cell damage. 11 12 It was previously reported that electric field stimulation controlled by a pulse voltage could modulate cell-to-cell coupling without harming the cell.
14 Therefore, in this paper, it is proposed that the electric field stimulation through TEFS can also enhance the movement of cells without any biohazard.
If this stimulating technique is applied to stem cell transplantation, the mobility of cells may be controlled and their cellular movement behavior may be guided. The transparency of the stimulator allows observation of direct cellular changes under optical microscopic imaging. In the future, the mobility changes of stem cells under electrical field stimulation and for how long the enhanced mobility can be prolonged after the stimulation will be investigated. The significance of this study is its suggestion of new non-chemical therapeutic methods for stem cell transplantation therapy, because chemical treatment may offer the possibility of cancerous side effects. Therefore, the non-direct stimulating approach using TEFS may become a safe method of enhancing cell mobility without a chemical method.
CONCLUSIONS
In vitro transparent electric field stimulation, which can be applied to direct optical imaging even during the stimulation, was developed. Electric field stimulation induced by a constant voltage onto the neural cells was applied and the cell movement was observed using live optical imaging. When the cells were exposed to the field stimulation, the movement path of the cells increased by 30 m more than in the control group. The stimulation was proven to be biocompatible and not to lead to morphological changes. In sum, non-invasive and transparent in vitro field stimulation was developed to enhance cellular mobility. This may be applied to cell transplantation to allow control of the movement path of the transplanted cell.
